An automated solid-phase microextraction gas chromatography/mass spectometry (SPME-GC/MS) method was developed for the determination of semi-volatile pesticides from several classes with a wide range of polarities in an environmental matrix, and validated according to the rigorous standards of a large commercial laboratory reporting data requiring regulatory acceptance with the purpose of being used as a standard test protocol. The target analytes showed a detection limit of 0.05-1 μg L À1 , good calibration linearity (R 2 > 0.99) with a wide linear range of 0.05-20 μg L
INTRODUCTION
Prior to instrumental analysis of water samples, an appropriate sample preparation technique needs to be used for extraction and isolation of the target compounds from the matrices. In addition, to meet the requirement of environmental agencies for determination of compounds present in the trace level of concentration, enrichment of the compounds should be performed to improve the sensitivity of the method. Liquid-liquid extraction (LLE) is an official method for routine analysis of water samples (Barcelo ; Hennion et al. ; Mahara et al. ) . Although LLE is a well-established and simple technique, it has some limitations such as being time-consuming and tedious, and the need for a large volume of sample and organic solvents. Solid-phase extraction (SPE) is a well-known technique aimed at overcoming some limitations of LLE while providing higher sensitivity (Hennion et al. ; Pihlström et al. ; Erger & Schmidt ) . SPE also has its own shortcomings, generally related to carryover associated polydimethylsiloxane/divinylbenzene (PDMS-DVB) fiber (Silva & Pawliszyn ) has been proposed that allows the direct use of the fibers on complex matrices; this novel structure further enhances the stability and durability of the fibers, and facilitates their use in high-throughput routine analysis.
Unlike LLE or SPE, SPME is not an exhaustive extraction technique. SPME is based on equilibrium extraction; as such, the calibration procedure is typically based on matrix-matched calibration, calibration with internal standard or standard addition techniques (Ouyang & Pawliszyn , ; Ouyang et al. ; Souza-Silva et al. ) . If the necessary equilibrium time is too long and the sensitivity of the overall method is not compromised, SPME extraction may also be performed in pre-equilibrium conditions. Nevertheless, quality controls monitoring possible extraction recovery variations during routine analysis are still required when using SPME. Conversely, the successful use of SPME in routine analysis typically requires the addition of internal standards to the sample prior to extraction, to compensate for variations in extraction efficiency or matrix-to-matrix variability.
Finally, other barriers to wider use of SPME in contract analytical laboratories are: broad prescription of United States Environmental Protection Agency (EPA) methods in US regulatory requirements; Canada's history of generally adopting EPA methods as the basis for their procedures; a long history of analyses using these methods in both countries; the high capital cost of SPME relative to EPA sample preparation methods; and the high level of re-training required to implement due to a shift away from exhaustive analysis.
To date, only one test method based on SPME, method 8272 for the determination of polycyclic aromatic hydrocarbons (PAHs) in sediment pore water, has been approved by the EPA (US EPA ). However, several inter-laboratory studies have been conducted to show the applicability of SPME to water analysis (Gorecki et al. ; Riazi Kermani et al. ) . Recently, a worldwide inter-laboratory trial was conducted to show the performance of headspace SPME on the determination of volatile organic compounds in water (Michel et al. ) . These results could lead to the publication of a new ISO 17943, which is currently under development. In spite of existing publications describing both SPME and LLE, there are few, if any, publications documenting a thorough comparison of SPME with methods that have been validated according to the strict standard operation procedures of an accredited commercial analytical laboratory.
The purpose of the current study is to show that the SPME method might be adopted as the standard protocol by a commercial analytical testing laboratory. As such, the method was fully validated according to their strict standard operation procedures, which have similar requirements to those found in the EPA guidelines. An extensive study between SPME and LLE was performed from several analytical aspects, including sensitivity, accuracy, repeatability, and greenness, leading to the achievement of valuable results. Groups of compounds from several classes with a wide range of polarities were selected. Validation of the SPME method was conducted through 'blind' split analyses and confirmed by comparative analyses performed by Maxxam Analytics (the reference laboratory). Several batches of spiked surface and ground water samples were split and analyzed independently throughout a period of 4 months by two laboratories: Maxxam Analytics (Maxxam) and the University of Waterloo, with Maxxam performing a standard LLE extraction based on an EPA method and the University performing an SPME method. A quality assurance protocol with continuous calibration verification, second-source external reference standards, and method blanks was included in each batch of samples. In addition, an evaluation of both methods was performed with the ecogreen analytical scale developed by Gałuszka et al. () to identify the advantages of using SPME from a green-chemistry perspective.
EXPERIMENTAL Chemicals and reagents
For solid-phase microextraction gas chromatography/mass spectometry (SPME-GC/MS) method development and split sample preparation, all stock solutions of pesticide mixtures (500-1,000 μg mL À1 ) in acetonitrile or acetone were purchased from AccuStandard (New Haven, CT, USA), unless otherwise specified. Pure standards of trifluralin, desethyl atrazine, and methyl parathion were obtained from SigmaAldrich/Supelco (Oakville, ON, Canada). A surrogate standard mixture of 2-fluorophenol, 2,4,6-tribromophenol,
(4,000 mg/L in dichloromethane) was purchased from o2si
Smart Solutions (Charleston, SC, USA and surrogate mixtures, NaCl (4.00 ± 0.04 g) was added to each sample and the vial was capped. Subsequently, the vial was vortexed at the highest speed for 30 seconds. The sample was then pre-incubated for 2 minutes at 30 W C, followed by direct immersion of the PDMS/DVB 65 μm fiber for 30 minutes at the same temperature. During extraction, the sample was agitated at 500 rpm. After extraction, the fiber was desorbed in the injector port of the GC/MS instrument, where it was kept for 10 minutes at 270 W C.
Method validation
The performance of the developed SPME-GC/MS method was evaluated through the following validation parameters: For calibration, up to 10 calibration standards were prepared in the 0.05-20 μg L À1 range. Each calibration standard level was then processed in accordance with the developed SPME-GC/MS method. As acceptance criteria, the coefficient of determination (R 2 ) had to be higher than 0.99, and the intercept of the calibration curve higher than the reporting detection limit (RDL).
For blank analysis, two aliquots of laboratory reagent water were extracted and analyzed using the developed SPME-GC/MS method. For carryover evaluation, first, the two highest calibration standards (20 and 16 μg L À1 ) were analyzed, followed by two blank water samples. For the method to be considered carryover-free, the blank signal had to be lower than the reporting limit. 
LLE-GC/MS reference method
Split samples were submitted to Maxxam and the University of Waterloo simultaneously and on a 'blind' basis. Samples submitted to Maxxam were analyzed using an accredited method (SCC) employing LLE and GC/MS. Briefly, the water samples (800 mL) were submitted in 1,000 mL amber glass bottles with Teflon lined caps, and extracted sequentially with dichloromethane after pH adjustment to acidic, neutral, and basic conditions, with direct injection of the combined extracts into GC/MS. The reference method was based on US EPA methods 3510C and 8270D, with three main modifications: SIM mode was used instead of the full scan analysis specified by the EPA method; liquid extraction was performed in the original glass bottle submitted, whereas the EPA method requires the water sample to be transferred into a separatory funnel prior to extraction; and the amount of dichloromethane used for extraction was 50 mL instead of the 60 mL specified in the EPA method.
Split water samples and application for routine analysis
Surface and ground water samples were obtained from drinking water wells at different locations in Ontario, Canada. A complete characterization of the water samples was performed before the pesticide analyses, specifically:
pH; hardness (CaCO 3 ); conductivity; total organic carbon (TOC); and total suspended solids (TSS) were determined.
Once the samples were verified as 'non-detect' for the target chemicals, the samples were spiked with the target analytes at different concentration levels at Maxxam, then split, coded, and submitted to the separate laboratories on a blind basis for analysis. Samples were maintained at 4 W C at all times prior to analysis.
The same quality control protocols as specified in the 
RESULTS AND DISCUSSION
An automated SPME method for the determination of 25 pesticides of different classes was developed by application of a commercial SPME fiber through optimization of the following parameters: coating selection, extraction temperature, sample modification (pH and ionic strength), and extraction time. Briefly, direct immersion mode was selected and four different extraction coatings were evaluated:
PDMS, PA, PDMS/DVB, and PDMS/DVB/CAR. The MFX autosampler was shown to be very useful for the selection of the coating, as it allowed the SPME fiber to be exchanged within the same sequence run, thus simplifying the selection of SPME coating. Among the different coatings, PDMS/DVB was selected for final SPME analysis, as it showed the best results among the studied phases for the extraction of all target compounds. Matrix modification was a critical optimization factor for SPME performance for certain specific compounds; the effect of pH on extraction efficiency was very different for compounds with acidic or basic characteristics. As a compromise, the pH of the sample was adjusted at acidic conditions (pH 3), as this yielded the best extraction efficiencies for those compounds with acidic characteristics (such as chlorophenols or triazines) that had shown lower extraction efficiencies.
Optimization results can be found in the Supplementary information (available with the online version of this paper).
Validation of SPME method 0.976 0.044 0.00 IS-Parathion-d10 Non-linear 0.38 0.5 n/a n/a n/a n/a n/a n/a residual plots showed that all residuals were lower than 30% and randomly distributed along the x-axis.
No target compounds were detected in the blanks. For carryover, the most hydrophobic pesticide, diclofop-methyl was observed at levels higher than the RDLs in blank analyses that were conducted immediately after analysis of the most concentrated calibration standard (20 μg L À1 ). However, the injection of such elevated calibration standards was excluded during the analysis of real samples, as the diclofop-methyl linear range was reduced to 7 μg L À1 . It is important to note that special care should be taken after analysis of water samples with high concentrations of these two compounds.
RDLs were in the low ppb range (<1 μg L À1 ) for all studied pesticides. In addition, most compounds showed lower reporting limits than those reported with the reference EPA-based method used by the accredited laboratory (Table 2 ). For instance, carbamates, triallate, and parathion yielded reporting limits more than 10-fold lower than the reference RDLs.
For evaluation of the accuracy of the developed method by SPME-GC/MS, nanopure water was spiked at three levels of low, mid, and high of the calibration curve. The obtained results showed an accuracy between 90 and 119% for all three spiking levels, with RSDs lower than 10%. More importantly, all studied pesticides, with one exception, met the criteria of precision and accuracy described in the Experimental section. The use of a weighted
(1/C) linear regression allowed accuracy values ranging from 80 to 120% to be obtained for most compounds at the lowest spiking level. Only one compound did not meet the established criteria: the precision of carbaryl at the lowest fortified level was slightly higher than 20%. Tables 3 and 4 show the results obtained by both methods in surface and ground water samples, as well as the corresponding levels of fortification. As can be seen, the higher sensitivity of the SPME method allowed for the detection of pesticides at lower concentrations than the LLE method; in particular, 342 positive results were reported in the 16 water samples analyzed by the SPME method Surface water Units SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE 
Analysis of real samples
Ground water Units SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE SPME LLE between the results of a given compound for both studied methods (C SPME À C LLE ) was plotted against the average of the concentration found for each compound (C SPME þ C LLE /2). The average discrepancy between methods was À0.63, indicating a high degree of agreement between methods. Most data points were randomly distributed along the average discrepancy (C SPME À C LLE ) and were within the 95% limits of agreement, expressed as the average plus or minus 1.96 times the standard deviation (SD ¼ 3.22). As the plot shows, the dispersion around the average increases along with the average; as the average increases, so does the dispersion. At low concentrations, most data points accumulate around the average discrepancy, whereas at higher concentrations, data points seem to be more scattered. This was anticipated, as the LLE method is based on the exhaustive extraction of analytes, so losses of recovery during extraction lead to accuracies lower than expected. SPME, being an equilibrium-based method, is expected to yield accuracy deviations equally As can be seen, accuracy results within 70 and 130%
were, by far, the most frequent in both methods. The 70-130% range is typically considered the acceptable standard for most analytical methods. Results obtained by SPME were more normally distributed than those obtained by the LLE method. As was mentioned, the LLE method is based on the exhaustive extraction of analytes, while SPME is an equilibrium-based method.
A method blank, at least one duplicated sample and matrix spikes were processed with each batch of surface and ground water samples. These samples are typically used as part of the quality assurance protocols Table 5 shows the assignment of penalty points for both methods. The SPME-based method is virtually free of use of large volumes of reagents or chemicals; the only generated waste originates from the water samples and standards spiked with the deuterated internal standards. The LLE-based method, in turn, uses large volumes of solvents for extraction, and generates large volumes of hazardous waste. In a comparison between the two methods, only 18 penalty points were assigned to the SPME method (eco-scale: 82), while 49 penalty points were assigned to the LLE method (eco-scale: 51), thus confirming the superior greenness of SPME over LLE (Table 5 ).
CONCLUSIONS
Our study compared the performance and equivalency of SPME and LLE as a critical need for acceptance of SPME in the environmental industry as a green alternative to conventional solvent extraction methods. The results presented here indicate that SPME is a viable, greener alternative to LLE as a technique for routine analysis of pesticides in drinking and natural water samples. The automated SPME-GC/MS method developed for the blind analysis of 25 pesticides from different classes showed a high degree of agreement with the LLE method results obtained by an accredited laboratory as a reference. Both methods have been shown to be very specific, with no false positives reported. The LLE method showed a slightly better accuracy than the SPME method, although both methods reported most results in the 70-130% range of accuracy. On the other hand, the SPME method showed better sensitivity, with lower detection limits and no false negatives. SPME, being a solventless, miniaturized, and fully automated technique, was better positioned in the eco-scale when the greenness of both methods was evaluated. Therefore, the SPME method not only provides similar accuracy to LLE as the official method but it also benefits from more advantages, such as the need for a small volume of sample, higher sensitivity, easy automation to GC/MS, and greenness, which make SPME an ideal approach to be transferred to industry for routine analysis of water samples.
